The redox regulation system is widely accepted as a crucial mechanism for controlling the activities of various metabolic enzymes. In addition to thioredoxin reductase/thioredoxin cascades, NADPH-thioredoxin reductase C (NTRC), a hybrid protein formed by an NADPH-thioredoxin reductase domain and a thioredoxin (Trx) domain, is present in chloroplasts and in most cyanobacteria species. Although several target proteins and physiological functions of NTRC in chloroplasts have been characterized, little is known about NTRC functions in cyanobacteria. Therefore, we investigated the molecular basis and physiological significance of NTRCdependent redox regulation in the filamentous heterocystforming nitrogen-fixing cyanobacterium Anabaena sp. PCC 7120 (Anabaena 7120). Initially, we identified six candidate NTRC targets in Anabaena 7120 using NTRC affinity chromatography. Subsequently, we compared the efficiency of reducing-equivalent transfer from NTRC and Trx-m1 to the NTRC target protein 2-Cys peroxiredoxin. Biochemical analyses revealed that compared with Trx-m1, NTRC more efficiently transfers reducing equivalents to 2-Cys peroxiredoxin. Subsequently, we constructed and analyzed an ntrC knockout strain in Anabaena 7120. The mutant showed impaired growth under oxidative stress conditions and lower concentrations of reduced 2-Cys peroxiredoxin in cells. Taken together, the present in vitro and in vivo results indicate that NTRC is a significant electron donor for 2-Cys peroxiredoxin and plays a pivotal role in antioxidant defense systems in Anabaena 7120 cells.
Introduction
Thiol-based redox regulation systems are crucial for controlling various enzyme activities, especially in photosynthetic organisms. In plant chloroplasts, a redox cascade comprising ferredoxin (Fd), Fd-thioredoxin reductase (FTR) and thioredoxin (Trx) is acknowledged as a major pathway for transferring reducing equivalents from the photosynthetic electron transfer system to target enzymes (Buchanan 1980, Buchanan and Balmer 2005) . The reducing equivalents provided by Fd are transferred to the [4Fe-4S] cluster in the FTR molecule, thereby reducing the intramolecular disulfide bond. Reduced FTR subsequently reduces the disulfide bond on Trx, which finally transfers reducing equivalents to target proteins via dithioldisulfide exchange reactions. This redox regulation system is responsible for the light-dependent regulation of various enzyme activities in plants. In chloroplasts, the four Calvin-Benson cycle enzymes glyceraldehyde 3-phosphate dehydrogenase (Wolosiuk and Buchanan 1976) , fructose 1,6-bisphosphatase (Buchanan 1980) , sedoheptulose 1,7-bisphosphatase (Buchanan 1980) and phosphoribulokinase (Wolosiuk and Buchanan 1978) , as well as ATP synthase (Mills et al. 1980) , are well characterized as redox-regulated enzymes, which are reduced and activated by Trx under photosynthetic conditions. In addition to this classical regulatory function, Trx acts as an electron donor for antioxidant defense systems (Konig et al. 2002 , Collin et al. 2003 , Dietz 2003 , Collin et al. 2004 . In photosynthetic organisms, peroxiredoxins, such as 2-Cys peroxiredoxin (2-Cys Prx) (Baier and Dietz 1997) and peroxiredoxin Q (Motohashi et al. 2001) , are known as Trxdependent peroxidases that detoxify hydrogen peroxide.
Extensive plant genome analyses have identified redox regulation-related proteins in the cytosol (Yamazaki et al. 2004) , mitochondria (Balmer et al. 2004 , Yoshida et al. 2013 ) and chloroplasts (Motohashi et al. 2001 , Balmer et al. 2003 . Among these, NADPH-Trx reductase C (NTRC) was reportedly the third NADPH-Trx reductase (NTR) isoform to be found in the Rice Genome Database (Serrato et al. 2004) . NTR proteins were previously identified in plant cytosols (Laloi et al. 2001 , Reichheld et al. 2005 , mitochondria (Laloi et al. 2001 , Reichheld et al. 2005 ) and nuclei (Pulido et al. 2009 , Marchal et al. 2014 , as well as in some species of cyanobacteria (Hishiya et al. 2008 ), but none has been yet identified in plant chloroplasts. However, previous biochemical and physiological studies showed that NTRC is localized in chloroplasts as a single-peptide hybrid protein comprising an NTR domain and a Trx domain. In addition, a ntrc knockout Arabidopsis thaliana strain produced smaller rosette leaves with a pale green color (Serrato et al. 2004, Yoshida and . Hence, NTRC-dependent redox regulation is expected to be crucial for plant growth and maturation.
A number of NTRC target proteins have been reported in plant chloroplasts, and these include the antioxidant enzyme 2-Cys Prx (Perez-Ruiz et al. 2006) , the tetrapyrrole synthesis enzymes Mg chelatase I subunit (Perez-Ruiz et al. 2014) , Mg protoporphyrin IX methyltransferase (Richter et al. 2013 ) and glutamyl-tRNA reductase 1 (Richter et al. 2013) , and the central starch synthesis enzyme ADP-glucose pyrophosphorylase (Michalska et al. 2009 ). Moreover, we recently showed that NADPH-dependent redox regulation via NTRC in Arabidopsis thaliana chloroplasts functions separately from the FTR/Trx system, and that these binary reducing equivalent pathways work coordinately to maintain photosynthesis and plant growth (Yoshida and Hisabori 2016) .
Cyanobacterial redox networks are functionally different from those in green plant chloroplasts, reflecting differences in the composition of redox mediator proteins such as Trx reductase and Trx isoforms, and differences in target proteins (Florencio et al. 2006) . Because cyanobacteria are prokaryotic cells, their redox regulation networks must be complete within single cells and may therefore be more complex than those in plants, which comprise various organelles and cell types with differing functions. In a previous study, we comprehensively explored Trx target proteins in the filamentous, heterocystforming, nitrogen-fixing cyanobacterium Anabaena sp. PCC 7120 (Anabaena 7120), and suggested that Trx-m1 of Anabaena 7120 is involved in antioxidant defense and nitrogen fixation systems (Nomata et al. 2015) . This cyanobacterial redox regulation system was therefore considered important for controlling nitrogen fixation and protecting nitrogenase enzymes from oxidative damage.
In contrast to plant chloroplasts, the physiological significance of NTRC in cyanobacteria remains poorly understood. However, extensive genome analyses in Cyanobase (http:// genome.microbedb.jp/cyanobase) revealed that ntrC is conserved in 31 of the 37 registered cyanobacterial species. Anabaena 7120 posseses NTRC, which reduces 2-Cys Prx in vitro as efficiently as plant NTRC/2-Cys Prx systems (Pascual et al. 2011) . Herein, we clarify the molecular basis and the physiological role of NTRC-dependent redox regulation in Anabaena 7120. To this end, we performed NTRC affinity chromatography to identify NTRC target proteins comprehensively. Subsequently, we compared the efficiencies of reducingequivalent transfer from NTRC and Trx-m1 to the NTRC target protein, and finally investigated physiological functions of NTRC using ntrC knockout Anabaena 7120.
Results

Exploration of NTRC target proteins
To investigate the physiological roles of NTRC in Anabaena 7120, we initially identified candidate NTRC target proteins using NTRC affinity chromatography. Fig. 1A shows SDS-PAGE profiles of proteins eluted from each step of NTRC affinity chromatography. In these experiments, soluble protein fractions were extracted from Anabaena 7120 vegetative cells and were used as a protein pool. Dithiothreitol (DTT) eluates from NTRC SSCS (the C 140 AIC 143 sequence is substituted with SAIS, and C 381 GPC 384 with CGPS, respectively) immobilized columns contained several proteins (Fig. 1A , lane 6), which possibly carried disulfide bond(s) on their surfaces and formed mixed disulfide bonds with the Trx domain of NTRC. These proteins were then separated using two-dimensional gel electrophoresis (isoelectric focusing (IEF)/SDS-PAGE; Fig. 1B) , and protein spots were successfully identified using peptide mass fingerprint (PMF) analyses. Protein spots were fewer than those captured from Anabaena 7120 cell lysates using Trx-m1 affinity chromatography (Nomata et al. 2015) and are listed in Table 1 . Two thiol-specific peroxidases, 2-Cys Prx and 1-Cys peroxiredoxin (1-Cys Prx), were captured as potential targets for NTRC. In green plant chloroplasts (Perez-Ruiz et al. 2006 ) and cyanobacteria (Sueoka et al. 2009 , Pascual et al. 2011 ), 2-Cys Prx was reportedly reduced by NTRC, and NTRC affinity chromatography also captured the metabolic enzymes phosphoadenosine phosphosulfate reductase (PAPS reductase), which is involved in sulfur metabolism, triosephosphate isomerase (TPI) and phosphoglycerate kinase (PGK), which are involved in the Calvin-Benson cycle, and enolase, which is involved in glycolysis. All proteins listed in Table 1 are single-peptide proteins with at least one cysteine residue.
NTRC-dependent reduction of NTRC target candidate proteins
To verify redox responses of NTRC target candidates (Table 1) , we examined NTRC-dependent changes in redox status of these proteins. Purified recombinant proteins of appropriate molecular mass were prepared as shown in Fig. 2 . Among these, 2-Cys Prx carries two conserved cysteine residues at the active site and forms a homodimer (oxidized form) under non-reducing conditions (Chae and Rhee 1994) , and was clearly reduced by NTRC (Fig. 3A) . As shown in lane 1 of Fig. 3A , 2-Cys Prx was initially detected as the oxidized homodimer, but was mostly detected as the monomeric form on the SDS-PAGE gel after incubation with NADPH and NTRC (Fig. 3A , lane 5). These data indicate that NTRC transfers reducing equivalents to 2-Cys Prx and reduces the intermolecular disulfide bond. In further experiments, we examined the reduction of other candidate proteins (Table 1) in the presence of NADPH and NTRC.
However, none was specifically reduced by NTRC ( Fig. 3B-E) . 1-Cys Prx, PGK, TPI and PAPS reductase were mostly detected as oligomers and reduced monomers on the gel under nonreducing conditions ( Fig. 3B -E, lane 2), whereas they were detected as reduced monomers when fully reduced by DTT ( Fig. 3B -E, lane 3). In the case of PGK, TPI and PAPS reductase, NADPH and NTRC did not affect their initial redox states ( Fig.  3C -B, lane 6). To our surprise, the oxidized monomer of 1-Cys Prx was detected as a major band even in the presence of NADPH and NTRC (Fig. 3B , lane 6) probably due to the overoxidation of the protein. In this experiment, FAD, a cofactor of NTRC, was reduced continuously by NADPH, and this excess reducing power might finally lead to generation of hydrogen peroxide, which might preferentially oxidize 1-Cys Prx. The results shown in Table 1 and Fig. 3 indicated that sufficient reactivity of affinity column-immobilized thiol groups of the Trx domain resulted in the formation of intermolecular disulfide bonds with thiol groups on the surfaces of these proteins (Hisabori et al. 2005) . Because reduction of 2-Cys Prx by Trx-m1 in Anabaena 7120 was reported previously (Banerjee et al. 2015) , we compared the efficiency of reducing-equivalent transfer from NTRC and Trxm1 to 2-Cys Prx using NADPH/NTRC and DTT/Trx-m1 systems. In these experiments, 2-Cys Prx reduction was determined in the presence of various concentrations of NTRC or Trx-m1. As shown in Fig. 4 , NTRC reduced 2-Cys Prx at lower concentrations than Trx-m1, indicating that Anabaena 7120 NTRC has higher affinity for 2-Cys Prx than Trx-m1 and transfers reducing equivalents to 2-Cys Prx more efficiently than Trxm1 does.
The effects of oxidative stress in ntrC knockout cells
To investigate the physiological functions of NTRC, the ntrC gene was completely deleted from Anabaena 7120, and two independent transformants ÁntrC1 and ÁntrC2 were isolated.
As shown in Fig. 5A and B, no significant differences in growth were identified between the wild type (WT) and ÁntrC strains under standard conditions, irrespective of the nitrogen source. In subsequent experiments, we determined the growth of WT and ÁntrC strains in the presence of 200 and 300 nM methyl viologen (MV) in the growth medium, which is a potent reactive oxygen species (ROS) generator (Jiang and Zhang 2002) . While the growth of WT and ÁntrC strains was not affected in the presence of 200 nM MV and nitrate (Fig. 5C) , the ÁntrC mutant could not grow under nitrogen-fixing conditions (Fig. 5D) . Moreover, in the presence of 300 nM MV, the growth of ÁntrC was partially suppressed in the presence of nitrate and was clearly impaired under nitrogen-fixing conditions (Fig. 5E, F) . These data indicate that NTRC is an important member of antioxidant defense systems, especially under conditions of oxidative stress.
Redox states of 2-Cys Prx in WT and ntrC knockout cells
Our previous biochemical survey suggested a close relationship between NTRC and 2-Cys Prx, and we then confirmed the supply of reducing equivalents from NTRC to 2-Cys Prx in vivo. In these experiments, redox states of 2-Cys Prx in WT and ÁntrC strains were investigated in the presence and absence of 300 nM MV. Subsequently, the respective whole proteins were fixed using 10% (w/v) trichloroacetic acid (TCA) and their free thiols were directly labeled with N-ethylmaleimide (NEM). In non-reducing SDS-PAGE analyses, 2-Cys Prx was detected using a specific antibody raised against the recombinant protein. In WT cells, 2-Cys Prx was predominantly present in the reduced form, in both the absence and presence of 300 nM MV and irrespective of the nitrogen source (Fig. 6,  lanes 1, 4 and 7) . In contrast, the reduced form 2-Cys Prx, which is detected as a monomer band on the Western blotting membrane, was present at lower concentrations in ÁntrC mutants, irrespective of the nitrogen sources in the culture medium (Fig. 6, lanes 2, 3, 8 and 9) . Moreover, the reduced form of 2-Cys Prx was undetectable in the presence of 300 nM MV in the culture medium (Fig. 6, lanes 5 and 6) , suggesting that NTRC is a significant electron donor for 2-Cys Prx in vivo.
Discussion
NTRC is a redox-mediator protein that is conserved in chloroplasts and cyanobacteria. Previous in vitro analyses show that cyanobacterial NTRC reduces 2-Cys Prx as efficiently as plant NTRC (Sueoka et al. 2009 , Pascual et al. 2011 . NTRC from Anabaena 7120 can partially complement the function of plant NTRC in ntrc knockout mutants (Pascual et al. 2011) . However, these studies suggest functional similarities between cyanobacterial and plant NTRC proteins, the physiological significance of NTRC-dependent redox regulation in cyanobacteria remains unclear. In the present study, we identified NTRC target protein and investigated the physiological roles of NTRC in the cyanobacterium Anabaena 7120. These in vitro and in vivo experiments clearly showed that NTRC is an efficient electron donor for 2-Cys Prx and is necessary for the maintenance of growth under oxidative stress conditions.
In the unicellular cyanobacterium Synechocystis sp. PCC 6803, three Trx isoforms have different affinity to 2-Cys Prx (Perez-Perez et al. 2009 ). Moreover, two independent studies showed that NTRC and Trx-m1 reduce 2-Cys Prx in Anabaena 7120 (Pascual et al. 2011 , Banerjee et al. 2015 , although the differences in reducing efficiencies remain uncharacterized. We found that NTRC reduces 2-Cys Prx more efficiently than Trxm1 (Fig. 4) . In agreement with this, NTRC in Arabidopsis thaliana reduced 2-Cys Prx more efficiently than five Trx isoforms from chloroplasts in our previous study (Yoshida and Hisabori 2016) . Moreover, isothermal titration calorimetry experiments showed that 2-Cys Prx has higher affinity for NTRC than for Trxx (Bernal-Bayard et al. 2014). Thus, the efficiency of the NTRC/ 2-Cys Prx pathway must be widely conserved in most phototrophs that express NTRC. Although the present data show that NTRC is a significant reducer of 2-Cys Prx, further comprehensive studies are needed to reveal remaining components of the 2-Cys Prx reduction system. Our in vivo analyses of NTRC-deficient cells indicate that NTRC contributes to the maintenance of cell growth under oxidative stress conditions both in the presence of nitrate and in the absence of combined nitrogen. These results are in accordance with the recent report that the ÁntrC mutant is sensitive to hydrogen peroxide, MV and high light in the presence of nitrate (Sanchez-Riego et al. 2016) . Specifically, the ÁntrC mutant showed impaired growth in the presence of MV especially in nitrogen-free medium (Fig. 5) . Moreover, the reduced form 2-Cys Prx (monomer band) was not detected in the mutant cells in the presence of 300 nM MV (Fig. 6) . The remarkable decrease of 2-Cys Prx might be caused by the degradation of the protein. The insufficient reduction of 2-Cys Prx Fig. 4 Comparison of the reduction levels of 2-Cys Prx. (A) 2-Cys Prx (2 mM) was incubated with various concentrations of NTRC in the presence of 0.5 mM NADPH or various concentrations of Trxm1 in the presence of 50 mM DTT. Proteins were precipitated with 10% (w/v) TCA, were labeled with 20 mM NEM, loaded on non-reducing SDS-polyacrylamide gels and stained with Coomassie Brilliant Blue. M, monomeric form; D, dimeric form. (B) The reduction efficiency of 2-Cys Prx was quantified as the ratio of monomeric reduced form to total protein and was plotted against various concentrations of NTRC (circle) or Trx-m1 (triangle). Points in graphs represent the means ± SD (n = 3 from independent experiments). suggests inadequate supply of reducing equivalents from mediator proteins, whereas Sanchez-Riego et al. recently reported that the overoxidized 2-Cys Prx, inactive sulfinic/sulfonic form detected as a monomer, was observed for a more prolonged period in the ÁntrC strain than in the WT strain upon hydrogen peroxide treatment (see fig. 3C in Sanchez-Riego et al. 2016) . This overoxidation of the active site thiol residues on 2-Cys Prx of Anabaena 7120 was also reported in vivo under conditions of high light and hydrogen peroxide by the same group (Pascual et al. 2010) . Consequently, ntrC knockout induces accumulation of hydrogen peroxide in cells, leading to the present observed growth deficiencies of mutants (Fig. 5) . Because Anabaena 7120 lacks genes for glutathione and ascorbate peroxidases, functional 2-Cys Prx is probably critical for the detoxification of ROS. Another available pathway involving catalase is present in Anabaena 7120. However, the affinity of catalase for hydrogen peroxide is much lower than that of 2-Cys Prx (Banerjee et al. 2013) , and this enzyme may offer little protection from the damage caused by ROS production. Hence, the NTRC/2-Cys Prx pathway probably plays key roles as an antioxidative stress system in Anabaena 7120. In strong support of this, previous reports show that NTRC and 2-Cys Prx are regulated by the ferric uptake protein FurA at the transcriptional level (Gonzalez et al. 2011) , and are induced under oxidative stress conditions in Anabaena 7120 (Panda et al. 2014 , Banerjee et al. 2015 , Sanchez-Riego et al 2016 .
The present ÁntrC strains did not show remarkable phenotypic differences under standard conditions (Fig. 5A, B) , suggesting that FTR/Trx and/or NTR/Trx systems compensate for the functional deficiencies of NTRC as a source of reducing equivalents. Other ntrC mutants have also been constructed in A. thaliana (Serrato et al. 2004, Yoshida and and in the unicellular phytoflagellate Euglena gracilis (Tamaki et al. 2015) . Arabidopsis thaliana ntrc knockout mutants produced smaller rosette leaves with a pale green color (Serrato et al. 2004, Yoshida and . In contrast, no significant differences in growth rates and cell volume were observed between WT and ntrc knockdown cells of Euglena gracilis (Tamaki et al. 2015) . Taken with the present critical interaction of NTRC and 2-Cys Prx in Anabaena 7120, these studies suggest that NTRC gained functions during evolution from prokaryotes.
In conclusion, we demonstrated that NTRC plays pivotal roles in antioxidant defense systems in Anabaena 7120 both in the presence and absence of combined nitrogen. Genes encoding NTRC and 2-Cys Prx are expressed in most cyanobacteria, including Prochlorococcus strains with minimal genomes. Furthermore, the bryophyte Physcomitrella patens and the pteridophyte Selaginella moellendorffii carry NTRC and 2-Cys Prx genes. However, the anaerobic photosynthetic bacteria Chlorobaculum tepidum and Rhodopseudomonas palustris have no NTRC genes, and R. palustris lacks a gene for 2-Cys Prx. These data imply that the NTRC/2-Cys Prx system is conserved as an important antioxidant defense system in oxygenic phototrophs that preceded symbiosis.
Materials and Methods
Expression and purification of recombinant proteins
DNA fragments encoding NTRC (all0737), 2-Cys Prx (alr4641), 1-Cys Prx (alr4404), TPI (alr4385), PGK (all4131), PAPS reductase (all4464) and Trx-m1 (alr0052) were cloned into the pET-23c expression vector (Novagen). All plasmids apart from the Trx-m1 plasmid were designed to express His-tagged proteins at the C-terminus. Expression plasmids were transfected into Escherichia coli strain BL21(DE3), and transformed cells were cultured at 37 C. Protein expression was then induced by the addition of 0.5 mM isopropyl-1-thio-b-D-galactopyranoside followed by overnight cultivation at 21 C. After harvesting cells by centrifugation, cell pellets were frozen in liquid nitrogen and were stored at À80 C until use.
NTRC, 2-Cys Prx, 1-Cys Prx, TPI, PGK and PAPS reductases were expressed with the His-tag at the C-terminus, and were purified as follows: cells were resuspended in 25 mM Tris-HCl (pH 8.0) containing 10 mM imidazole and were disrupted by sonication. After centrifugation at 125,000 Â g for 40 min, supernatants were loaded onto an Ni-nitrilotriacetic acid (Ni-NTA) affinity column (Qiagen), were washed in 25 mM Tris-HCl (pH 8.0) containing 20 mM imidazole and were eluted with the same buffer containing 250 mM imidazole. Fractions containing each protein were collected and dialyzed against 25 mM Tris-HCl (pH 8.0).
Trx-m1 was purified using the combination of anion exchange chromatography and hydrophobic interaction chromatography as follows: cells were resuspended in 25 mM Tris-HCl (pH 7.5) buffer containing 1 mM EDTA and 0.5 mM DTT, and were then disrupted by sonication. After centrifugation at 125,000 Â g for 40 min, supernatants were directly applied to a DEAE-Toyopearl 650M column (Tosoh) that was previously equilibrated with 25 mM Tris-HCl (pH 7.5) buffer containing 1 mM EDTA and 0.5 mM DTT. Proteins were then eluted with a 0-300 mM linear gradient of NaCl in the same buffer. Fractions containing Trx-m1 were collected, and ammonium sulfate was added to a final saturation concentration of 30%. Protein samples were then applied to a ButylToyopearl 650M column (Tosoh) and, after washing with 30% saturated ammonium sulfate buffer containing 25 mM Tris-HCl (pH 7.5), 1 mM EDTA and 0.5 mM DTT, the desired proteins were eluted using a 30-0% inverse gradient of ammonium sulfate in the same buffer. EDTA and DTT in protein samples were then removed using dialysis.
Purified proteins were concentrated using Amicon Ultra (Merck Millipore), and protein concentrations were determined using BCA protein assays (Thermo Fisher Scientific) with bovine serum albumin (BSA) as a standard.
Screening and identification of NTRC target proteins
NTRC SSCS was prepared by direct introduction of mutations into DNA sequences using PrimeSTAR Mutagenesis Basal Kits (TAKARA). NTRC SSCS lacks cysteine residues in the active site of the NTR domain, and a cysteine residue in the active site of the Trx domain that forms a stabilized mixed disulfide bond with target proteins (Motohashi et al. 2001) . Expression and purification of the mutant protein were performed as described for NTRC, and NTRC SSCS was then immobilized on a CNBr-activated Sepharose 4 Fast Flow column (GE Healthcare) according to the manufacturer's instructions. Subsequently, unreacted side chains of the protein on the resin were blocked by incubation with 0.1 M Tris-HCl (pH 8.0) overnight at 4 C. Soluble protein fractions were then extracted from Anabaena 7120 vegetative cells (see below) and were incubated with NTRC SSCS -immobilized resin for 2 h at room temperature. Proteins that did not react with NTRC SSCS were collected in flow through fractions, and the resin was repeatedly washed with 50 mM Tris-HCl (pH 7.5) containing 200 mM NaCl and 0.1% (w/v) SDS. Washing was continued until the absorbance of wash solutions at 280 nm reached zero. The resin was finally suspended in 50 mM Tris-HCl (pH 7.5) containing 200 mM NaCl, 0.1% (w/v) SDS and 20 mM DTT for 1 h. Eluted proteins that were captured by NTRC SSCS were then used in proteomic analyses. Two-dimensional IEF/SDS-PAGE, in-gel digestion, mass spectrometry analysis and protein identification were performed as described previously (Yoshida et al. 2013) . Parameters for the mass spectrometry and database searches were as follows: Database, NCBInr; enzyme, trypsin; taxonomy, other bacteria; fixed modifications, carbamidomethyl (C); variable modifications, oxidation (M); peptide tol., ±100 p.p.m.; and mass values, MH+ and monoisotopic.
Biochemical assays of NTRC target candidate proteins NTRC target candidate proteins (2 mM) were incubated with 1 mM NTRC and 0.5 mM NADPH in 50 mM Tris-HCl (pH 7.5) containing 50 mM NaCl. After incubation for 30 min at 30 C, proteins were precipitated with 10% (w/v) TCA and were washed with ice-cold acetone. Precipitates were then suspended in SDS sample buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 7.5% (v/v) glycerol and 0.01% (w/v) bromophenol blue, and the indicated thiolmodifying reagents 4-acetamido-4-maleimidylstilbene-2,2-disulfonate (AMS), NEM, or polyethylene glycol (PEG) maleimide. These reagents were used appropriately dependent on the size of the desired proteins. After modifying free thiols with thiol-modifying reagents for 30 min at room temperature, protein samples were subjected to non-reducing SDS-PAGE.
Mutant construction
Primers for ntrC gene disruption in Anabaena 7120 were designed using genome data from CyanoBase (http://genome.microbedb.jp/cyanobase). A region with high similarity to those of the NTRC sequence from A. thaliana were used as the ntrc gene. Upstream and the downstream regions (around 1 kb each) of the ntrC gene were amplified by PCR using the primer pairs 5 0 -actctgcagctaatcactaaccgcaacac-3 0 and 5 0 -ctaggatccaatatttataacgaactcataacgac-3 0 , and 5 0 -atcggatccggaataggaattggggattg-3 0 and 5 0 -atcctgcaggatttaacaatttacgtaattgatg-3 0 , respectively. Restriction sites are underlined. After treating PCR products with PstI and BamHI, fragments were ligated and cloned into the PstI site of the pGEM-T Easy vector (Promega). Subsequently, the streptomycin/spectinomycin resistance cassette was excised from the pRL453 (Elhai and Wolk 1988) by digestion with BamHI and was inserted into the BamHI site between upstream and downstream fragments. The fragment was then excised from the resulting plasmid by digestion with PstI and was cloned into the pRL271 (Cai and Wolk 1990) vector containing the human herpes simplex virus thymidine kinase type 1 gene hsvtk (Tashiro et al. 2011 ) to select for double recombinants. The resulting plasmid was transferred by conjugation into Anabaena 7120 as described by Elhai and Wolk (1988) , and complete segregation of the mutant strain was confirmed using PCR.
Bacterial strains and growth conditions
Anabaena 7120 and its ntrC mutant cells were grown in BG-11 medium or nitrogen-free BG11 medium (BG11 0 ) (Rippka et al. 1979) supplemented with 20 mM HEPES-NaOH (pH 7.5) at 30 C under continuous light (30 mmol photons m À2 s
À1
) conditions. Liquid cultures were bubbled with air containing 1% (v/v) CO 2 , and oxidative stress was induced by the addition of 200 or 300 nM MV to the culture medium.
Extraction of total and soluble proteins from Anabaena 7120 vegetative cells
Total protein extraction was performed as described previously (Higo et al. 2016 ) with slight modifications. Briefly, log-phase cultures of nitrate-grown Anabaena 7120 were centrifuged at 2,000 Â g for 3 min at 4 C. Cell pellets were then frozen in liquid nitrogen and were stored at À80 C until use. Cells were then resuspended in 1 ml of 25 mM HEPES-NaOH (pH 7.5) buffer containing 1 mM EDTA and 1Â protease inhibitor cocktail (Roche), and were disrupted using a Mini Beadbeater (Biospec Products) with zircon beads. The beads were then removed by centrifugation at 5,000 Â g for 3 min, and the solution was again centrifuged at 20,400 Â g for 5 min to isolate total protein samples in supernatants. A soluble protein fraction was finally separated by further centrifugation at 200,000 Â g for 1 h.
Visualization of in vivo redox states of 2-Cys Prx
TCA was added to log-phase cultures of WT and ntrC disruptant cells to a final concentration of 10% (w/v). Precipitates were then washed with ice-cold acetone and were suspended into SDS sample buffer containing 20 mM NEM. After labeling for 1 h, solutions were boiled and centrifuged at 20,400 Â g for 20 min. Proteins in supernatants were then separated by non-reducing SDS-PAGE and were blotted onto polyvinylidene difluoride membranes. Immunoblotting of 2-Cys Prx was performed using a 2-Cys Prx polyclonal antibody, and chemiluminescence of the horseradish peroxidase-conjugated secondary antibody was detected using an LAS 3000 instrument (Fuji Film). 
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